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The ribosome is a complex molecular machine that,
in order to synthesize proteins, has to decode
mRNAs by pairing their codons with matching
tRNAs. Decoding is a major determinant of fitness
and requires accurate and fast selection of correct
tRNAs among many similar competitors. However,
it is unclear whether the modern ribosome, and in
particular its large conformational changes during
decoding, are the outcome of adaptation to its task
as a decoder or the result of other constraints.
Here, we derive the energy landscape that provides
optimal discrimination between competing sub-
strates and thereby optimal tRNA decoding. We
show that the measured landscape of the prokary-
otic ribosome is sculpted in this way. Thismodel sug-
gests that conformational changes of the ribosome
and tRNA during decoding are means to obtain an
optimal decoder. Our analysis puts forward a generic
mechanism thatmay be utilized broadly bymolecular
recognition systems.
INTRODUCTION
Proteins are synthesized by the ribosome, an intricate molecular
machine that decodes the genetic blueprint of the messenger
RNA (mRNA) and polymerizes the corresponding amino acids
carried by transfer RNAs (tRNAs) into a protein (Bashan and
Yonath, 2008). Protein biosynthesis relies on the quality and
efficiency of mRNA decoding, that is on the ability of the ribo-
some to select the correct (cognate) aminoacyl-tRNAs and reject
the wrong (noncognate) ones. In its function as a molecular
decoder, the ribosome utilizes the differences in specific binding
energy between the cognate and noncognate tRNAs. The free
energy differences due to base pair mismatches between the
mRNA codon and the tRNA anticodon are too small to provide
the observed high accuracy of tRNA selection (Ogle and Ramak-
rishnan, 2005; Xia et al., 1998), even if kinetic proofreading
(Hopfield, 1974; Ninio, 1975) is taken into account. Additional
specific binding energy is gained from the interaction between
the minor groove of the codon-anticodon helix and the ribosome
decoding center (Ogle et al., 2001). Several studies foundevidence for significant conformational changes during decod-
ing (Pape et al., 1999), including a domain closure in the 30S
subunit (Demeshkina et al., 2012; Ogle et al., 2002) and distortion
of the tRNA (Demeshkina et al., 2012; Schmeing et al., 2009;
Schuette et al., 2009; Villa et al., 2009).
The decoding pathways of cognate and near-cognate tRNAs
are multistep processes (Figure 1A) whose rates have been
measured by pre-steady-state kinetics and single-molecule fluo-
rescence resonance energy transfer (FRET) experiments (Blan-
chard et al., 2004; Gromadski et al., 2006; Gromadski and Rod-
nina, 2004a; Lee et al., 2007; Marshall et al., 2008; Rodnina and
Wintermeyer, 2001; Zaher and Green, 2010). Structural and
kinetic data, combined with energy landscape calculations (Fer-
reiro et al., 2011; Schug and Onuchic, 2010), suggest that the
translation process involves an intricate energy landscape with
multiple metastable states (Munro et al., 2009; Whitford et al.,
2010a, 2010b, 2011a, 2011b). The structural and energetic
parameters (Figure 1B) that characterize each step in the
measured landscape may be coupled, thus leading to possible
tradeoffs, for example between the speed and accuracy of de-
coding (Johansson et al., 2008; Ninio, 2006). This raises the
question as to whether the observed ribosome parameters
have evolved to provide effective decoding, or perhaps they
are biochemically constrained (Johansson et al., 2008, 2011).
These questions regarding adaptation versus constraints and
regarding possible tradeoffs are general ones and are relevant in
many other molecular recognition systems. Examples include
antibodies targeting antigens, regulatory proteins binding to
DNA, and enzymes catalyzing their substrate, which all require
recognition of specific targets within a noisy background of
similar competing molecules. We therefore put our examination
of tRNA decoding by the ribosome into the context of the general
recognition problem, which we discuss below in terms of
standard enzymatic kinetics (Michaelis-Menten). We show that
the conclusions from the analysis of the ribosome can be directly
applied to the generic molecular recognition system.
Previous studies of protein recognition (Fersht, 1998; Hers-
chlag, 1988; Post and Ray, 1995; Savir and Tlusty, 2007) and
of tRNA recognition by the ribosome (Johansson et al., 2008,
2011, 2012; Ninio, 2006) focused mainly on the ratio between
the rates of the competing reactions, commonly termed speci-
ficity or accuracy, as a measure for recognition quality. In the
case of the ribosome, as well as many other recognition
schemas, rate and specificity are negatively correlated. Several
studies gave insight on how the effective kinetic parametersCell 153, 471–479, April 11, 2013 ª2013 Elsevier Inc. 471
Figure 1. The Multistage Kinetics of Decoding by the Ribosome
(A) The decoding reaction, which is followed by kinetic proofreading, contains
several basic stages: initial binding, codon recognition, GTP activation, and
GTP hydrolysis. Initial binding and codon recognition—a complex of elonga-
tion factor (EF-Tu), GTP, and aminoacyl-tRNA binds to the ribosome. Codon is
recognized by pairing with the anticodon and by additional interaction of the
decoding center with the codon-anticodon minor groove in a manner that is
sensitive to Watson-Crick geometry, but not to base sequence. As a result,
cognate tRNAs are more stable than noncognate ones. GTP activation and
hydrolysis—codon recognition leads to global conformational changes of the
ribosome and tRNA, which are different for cognate or noncognate tRNAs and
play a role in GTP activation and hydrolysis by EF-Tu.
(B) The free energy landscape of codon recognition as suggested by
experiments. In the stages that are sensitive to codon identity, the correct
(green) and wrong (red) pathways split (s3 and b3). The tRNA specific param-
eters are the dissociation rate of the codon-anticodon complex (k-2) and the
forward rate of GTP activation (k3).
(C) The three possible regimes of the decoding energy landscape correspond
to three regimes of the barrier differences, DC and DW , where C andW denote
correct and wrong, respectively (for given specific differences, arrows).affect the rate and specificity. For example, reaction rate can be
maximized via strong binding of the enzyme to the transition
state of the substrate rather than to the initial state (Fersht,
1998; Herschlag, 1988), whereas specificity can be optimized
by tuning system parameters, such as the energy barriers of
conformational changes (Post and Ray, 1995; Savir and Tlusty,
2007, 2008, 2009, 2010). Yet, a coherent understanding of
what should be the resolution of the rate-specificity tradeoff is
still missing, and it is not clear whether such an optimal design
can withstand varying conditions. In this work, we present a gen-
eral solution to the problem of balancing the tradeoff between
correct and incorrect rates of competing reactions. To this end,472 Cell 153, 471–479, April 11, 2013 ª2013 Elsevier Inc.we take into account the effect of all kinetic parameters, not
only effective ones, and analyze a general measure (or ‘‘fitness’’
function). The only constraint on the fitness is that it increases
with the correct rate and decreases with the incorrect one.
By analyzing the performance of the ribosome as a decoder,
we derive the rate constants and the corresponding energy land-
scape that provide optimal balance between the decoding rate
and the ability to discriminate between two competing sub-
strates. We find that the measured energy landscape of the
ribosome is nearly optimal for decoding, suggesting that the
reaction energetics and conformational changes have co-
evolved to ensure optimal decoding. Although we previously
examined the specific case of competitive binding (Savir and
Tlusty, 2010), here we treat the general recognition problem,
taking into account the entire energy landscape of the reaction
pathways and a general fitness function. Our treatment thus
shows that the utilization of conformational changes to enhance
recognition is a general mechanism that does not depend on the
specific form of the fitness function. Because the kinetic scheme
of the ribosome is equivalent to the generic enzyme kinetics, this
mechanism has the potential of being widely utilized by almost
any molecular recognition system that has to efficiently discern
between competing ligands.RESULTS
The tRNA Decoding Pathway
Figure 1A depicts a three-step scheme as deduced from kinetic
studies (Johansson et al., 2008)—initial binding, which is
insensitive to the identity of the incoming codon, followed by
codon-specific binding and guanosine triphosphate (GTP) acti-
vation. This kinetics can be described in terms of a free energy
landscape, which is shaped by varying five parameters (Fig-
ure 1B): the two stable intermediate states s2 and s3 and the
three barriers b1, b2, and b3 (in units of kBT, the initial state is at
zero level). The rate of decoding correct tRNAs at steady state,
RC (per ribosome per tRNA), depends solely on the three barriers
and is inversely proportional to the sum of their exponents
(Experimental Procedures),
RCf
1
eb1 + eb2 + eb3
=
1
eB + eb3
; (Equation 1)
whereB is defined by eBheb1 + eb2 . The dependence of the rates
on the stable states cancels off because shifting these states
merely varies the backward and forward rates by the same
factor. The difference between correct (cognate) and wrong
(noncognate) codons is in the dissociation rate of the codon-
anticodon complex (k2) and in the forward rate of GTP activa-
tion (k3). The resulting rate of decoding wrong tRNAs, RW, is
RWf
1
eb1 + eb2 + eb3 + d
=
1
eB + eb3 + d
; (Equation 2)
where d is the difference between the GTP activation barriers of
the correct and wrong reactions (Figure 1B). Hereafter, the
subscripts C and W denote correct and wrong, respectively.
Figure 2. The Optimal Landscape
(A) The fitness FfRC – d∙RW (normalized by its maximum for every given value of sensitivity d, color bar) as a function of the barrier b3 and d. When d is large, the
wrong decoding rate is dominant, and thus the optimal b3 is high. At the other extreme, when d is small, the optimal b3 is low.
(B) The minimal value of F for a given b3 (‘‘worst-case scenario’’). The optimal barrier, the ‘‘max-min strategy,’’ b3 =  d/2 + B, provides more than 95% of the
maximal possible fitness for any d. A ‘‘band’’ of beneficial values of width  d is centered around this optimal barrier.
(C) Top: optimal landscape in terms of the barrier differences D. For jlnðpÞj  d, which is the case for the ribosome, the optimal design (Equation 3) is symmetric;
i.e., DC =  DWz d=2. Bottom: the symmetric optimum implies that the ratio of forward and backward rates is inverted between the correct and wrong energy
landscapes, ðk3=k2ÞC = ðk2=k3ÞW .
(D) The correct decoding rate, RC (green), wrong decoding rate, RW (red), and the logarithm of the specificity, S = RC/ RW, as function of b3. In the region of the
max-min solution, the correct rate is near its maximal value, whereas the wrong rate is almost zero. The optimal specificity S is roughly the square root of the
maximal possible value, S =S1=2max.
(E) This solution is also the min-max strategy for various fitness functions, such as F f RC – d∙(RW/ RC) (blue) and F f RC – d∙RW2 (red).Rate-Specificity Tradeoff in Enzymes
The Michaelis-Menten (MM) scheme is a generic enzymatic
scheme describing a variety of biological processes (Fersht,
1985) and is sometimes used to model tRNA decoding (Johans-
son et al., 2008; Ninio, 2006). The MM scheme consists of two
basic steps: a reversible binding-unbinding step with rates kon
and koff, respectively, followed by an irreversible ‘‘catalysis’’
step with a rate kcat. The rate of the overall reaction, per sub-
strate per enzyme, is R= kcatkon=ðkcat + koff Þ= kcat=KM, where
KM = ðkcat + koff Þ=kon is the MM constant. The tRNA decoding
rates (Equations 1 and 2) may also describe the MM kinetics
when the barriers b1 and b2 are merged (Figure 1B), and the
height of the combined barrier is set toB (Extended Experimental
Procedures). Hence, all our following results that are demon-
strated and tested for ribosomes can be applied to any recogni-
tion system described by MM kinetics. For simplicity and,
because this is the case for the ribosome, we assume competingreactions with the same association rate kon. Some aspects of
the general case are discussed in the Extended Experimental
Procedures.
A traditional measure of accuracy is the specificity
S=RC=RW = ðkcat=KMÞC=ðkcat=KMÞW (Fersht, 1998). From
Equations 1 and 2, it follows that S and the correct decoding
rate RC are negatively correlated (Johansson et al., 2008):
RCfðed  SÞ=ðed  1Þ. It is evident that specificity approaches
its maximal value Smax = e
d when the rate vanishes RC = 0,
whereas the rate is maximal when the specificity is minimal
Smin = 1 (Figure 2D). This relation merely expresses a constraint
that follows directly from the definition of the MM or ribosome
decoding schemes. However, it cannot predict where the
optimal recognition or decoding regime resides along the
curve. This is exactly the question that we address in this work:
how to tune the kinetic parameters in order to achieve a fast
correct reaction (high RC) while retaining high specificity (highCell 153, 471–479, April 11, 2013 ª2013 Elsevier Inc. 473
S = RC/RW). Or, in terms of the equivalent energy landscape,
what are the energy barriers that lead to optimal molecular
recognition?
General Properties of the Fitness Function
The ribosome is an important example for a molecular recogni-
tion system that needs to balance between the costs and bene-
fits of correct and incorrect recognition. This interplay may be
quantitatively described as optimizing a performance measure
(‘‘fitness’’), which is a function of the correct andwrong decoding
rates, F(RC,RW). For a general molecular recognition system, the
exact form of F is unknown or depends on the biological context
and environmental conditions. Because the decoding rates
(Equations 1 and 2) describe a general recognition system, we
discuss first the generic properties of the fitness function
F(RC, RW) and then investigate the performance of the ribo-
some. F is not limited to any specific form, and the only require-
ment is that it makes sense as a fitness function (‘‘biologically
reasonable’’)—namely, increasing the correct rate increases
F, vF=vRC>0, while increasing the incorrect rate decreases
F, vF=vRW<0.
We show that, for any such fitness function F, increasing the
specific discrimination energy d always increases F (Experi-
mental Procedures). Thus, F obtains its maximal value at the
upper limit of d. Moreover, there are two possibilities for an
extremum in F: either an extremum as a function of b3, which
is reached at the lower limit of B, or an extremum as a function
of B, which is reached at the upper limit of b3. Hence, optimizing
the fitness becomes a one-dimensional problem because only
one parameter, b3 or B, has an ‘‘optimal’’ value, whereas the
other parameter is expected to approach its biophysical limit.
The Decoding Fitness Function
A standard example for a fitness function is the performance
measure of manmade decoders (Helstrom, 1995) which is the
weighted difference between the rates of correct and wrong de-
cisions, Ff½tCRC  r$½tW RW , where [tC] and [tW] are the concen-
trations of the correct and incorrect tRNA, respectively. The
weight r accounts for the relative impact of correct or wrong
transmission on the system. The aim of an engineer is to maxi-
mize this merit function (or ‘‘decoding fitness’’). In terms of the
ribosome energy barriers, the decoding fitness function F takes
the form Ff1=ðeB + eb3 Þ  d=ðeB + eb3 + dÞ, where d = r$½tW =½tC is
the sensitivity of the decoding system to errors, taking into
account the abundance of cognate and noncognate tRNAs.
In the case of decoding fitness, the extremum point in the B
direction is always a minimum, and the fitness obtains its
maximal value at the point where the first derivate of b3 vanishes,
d reaches its upper boundary, and B reaches its lower boundary
(Experimental Procedures). In other words, both B and d are
expected to reach their biophysical limits, and the one parameter
that is left to optimize is b3. Figure 1C depicts possible designs of
the decoding energy landscape that correspond to different
values of b3. It is convenient to graph the landscape also in terms
of the barrier difference D=b3  b2 (Figures 1B and 1C). This
experimentally accessible quantity is the logarithm of the ratio
between the backward rate from the codon recognition stage
(k-2) and the forward GTP activation rate (k3). Thus, the three474 Cell 153, 471–479, April 11, 2013 ª2013 Elsevier Inc.possible design regimes (Figure 1C) are characterized by
different ‘‘forward’’ to ‘‘backward’’ ratios.
We can now rephrase the main question of this study in terms
of the energy landscape: (1) what is the optimal barrier b3 (or D)?
(2) Does the ribosome exhibit such optimality? (3) What is then
the role of conformational changes?
Symmetric Energy Landscape Provides Optimal
Decoding
To address this question, we first maximized the decoding
fitness F with respect to b3, for given values of B and d (Experi-
mental Procedures). We showed that, for a very wide range of
d, the sensitivity of the decoding system to errors, there exists
an optimal barrier b3 that maximizes F. This result can be gener-
alized to any biologically reasonable fitness function—an optimal
barrier exists as long as both RC and RW are relevant to the
fitness F, i.e., vF=vRC and vF=vRW are not different by too
many orders of magnitude. Moreover, this optimal value of the
barrier is always in the region in between the steepest points of
RC and RW (Figure 2).
The barrier that maximizes decoding depends on the value of
the sensitivity d (Experimental Procedures). However, the actual,
biologically relevant values of d are unknown and can only be
roughly estimated. Moreover, d is expected to vary because
tRNA concentrations and the relative significance of correct
and wrong decoding depend on environmental and physiolog-
ical conditions. We therefore examine optimality as d is varied
(Figure 2A). We find the solution that ensures that the minimal
fitness for all values of d (the ‘‘worst-case scenario’’) is
the maximal possible one (a ‘‘max-min strategy’’). The optimal
barriers for correct and wrong tRNAs are b3C =  d=2+B and
b3W = + d=2+B, respectively (Experimental Procedures and
Extended Experimental Procedures). For any value of d, this
solution provides more than 95% of the maximal possible fitness
(Figures 2A and 2B).
To compare this prediction with measurements, it is con-
venient to present the fitness and rates as a function of
D=b3  b2 (Figure 1C). The optimal correct and wrong barrier
differences of the max-min solution are (Experimental
Procedures)
DC = 
1
2
d ln p;
DW = +
1
2
d ln p:
(Equation 3)
where p= k1=ðk1 + k2Þ is the probability of a tRNA to be
rejected from the state of initial binding. For jlnðpÞj  d, which
is the case for the ribosome, the model predicts that the optimal
design is symmetric (Figure 2C), i.e., DC =  DWz d=2. The
symmetric optimum implies that the ratio of forward and
backward rates is inverted between the correct and wrong
energy landscapes,ðk3=k2ÞC = ðk2=k3ÞW .
The Specificity in the Optimal Regime Is Smaller Than
the Maximal One
In the region of the max-min solution, the optimal specificity S
is roughly the square root of the maximal possible value,
Figure 3. The Measured Prokaryotic Ribosome Is a Nearly Optimal Decoder
(A) The decoding rates, per ribosome and per tRNA, for correct (UUC) and wrong (CUC) codons are sigmoidal functions of the barrier difference DC, plotted for
measured values p= 0:3± 0:04 and d= 12± 2:0kBT (Gromadski et al., 2006; Gromadski and Rodnina, 2004a) (Supplemental Information, Table S1). The black dot
is the measured correct barrier difference, DC =  7± 1:4kBT . The uncertainty is derived using the SD in measurement of the rate constants (Supplemental
Information, Table S1).
(B) The decoding fitness (normalized by its maximum for every given value of sensitivity d, color bar) as a function of the correct barrier difference DC and d. The
black line is the measured DC:
(C) The minimal value of F for a given DC. The measured value of DC (black dot) puts the ribosome within the optimal regime.
(D) The actual measured landscape for the ribosome is similar to the optimal design.
(E) Results for six non-cognate codons for the cognate codon UUC (Gromadski et al., 2006; Gromadski and Rodnina, 2004a). The decoding is optimal for all
codons, except for UUU which carries the same amino-acid as UUC. Inset: a zoom at the optimal region.S =RC=RW = ed=2 =S
1=2
max(Figure 2D). The value of S
 is the
outcome compromising the conflicting needs for maximal rate
and maximal specificity. It may seem somewhat counterintuitive
that molecular recognition compromises specificity exactly in
the presence of a competing reaction. The reason is the need
to retain high enough rate of correct reaction, which is critical
for the ribosome. Indeed, around the max-min solution, the
correct rate is close to its maximal value RCf1=ð1+ ed=2Þ.
This suggests that, in some cases, the need for amplification of
the specificity via kinetic proofreading stems from a relatively
low nominal specificity. An additional kinetic proofreading
step approximately squares the specificity (Hopfield, 1974;
Ninio, 1975) and thus can recover the maximal specificity
ðSÞ2 =Smax. This result implies that enzymes with competing
substrates, which have roughly the same association constant,
do not operate at the regime of maximal specificity but at
approximately a square root of this value.
Optimality Holds for a Wide Range of Fitness Functions
The optimal design (Equation 3) holds also for other forms of
fitness. A plausible requirement from an optimal decoder exam-
ined above is minimizing the incorrect rateRw. However, it is also
possible that the relevant quantity to be minimized is the error
rateRw/Rc, with a fitness function F =RC – d$RW/RC. The optimalsolution above holds also for this form of F, as well as to other
forms, such as F = RC – d$ RW
2 (Figure 2E). In fact, we show
that an optimal solution exists for any biologically reasonable
fitness F(RC, RW), as long as both Rw and Rc are relevant
variables (i.e., the derivatives vF=vRC and vF=vRW are not
different by many orders of magnitude [Experimental Proce-
dures]). Furthermore, our conclusion remains valid, even with
additional reversible stages (Lee et al., 2007) (because these
do not affect the steady-state fluxes), or if the first two stages
(initial binding and codon recognition) are combined (Johansson
et al., 2008; Ninio, 2006).
The Experimentally Measured Landscapes Are Nearly
Symmetric
In experiments in which the cognate codon was UUC and the
near-cognate codon was CUC, the measured parameters were
pz0:3 and dz12 kBT, whereas the measured correct and
wrong barrier differences are DCz 7 kBT and DWz5 kBT
(Gromadski et al., 2006; Gromadski and Rodnina, 2004a) (Sup-
plemental Information; Table S1). The measured values place
the ribosome well within the symmetric, optimal regime pre-
dicted by theory (Figures 3A–3D). We further examined the opti-
mality prediction inmeasurements of the discrimination between
UUC and six additional noncognate codons (Gromadski et al.,Cell 153, 471–479, April 11, 2013 ª2013 Elsevier Inc. 475
Figure 4. Optimality in the Space of Energy Landscapes
The normalized fitness of the max-min solution (Figure 3C; Equation 11) as a
function of the specific difference between the cognate and noncognate
codons, d, and the cognate energy barrier difference,DC. The fitness increases
monotonically with d. Per a given value of the specific difference d, there is
an optimal value for the energy barrier difference DC around –d/2 (in a
band d%DC%0). The results of pre-steady-state kinetics (black circles
[Gromadski et al., 2006; Gromadski and Rodnina, 2004a], green circle [Zaher
and Green, 2010]) and FRET experiment (blue circle [Lee et al., 2007])
(Supplemental Information; Tables S1, S2, S3, and S4) indicate that the E. coli
ribosome is in this optimal region. Arrows indicate a measurement of mutated
ribosomes (rpsL and rpsD [Zaher and Green, 2010]) or the effect of antibiotics
(streptomycin [Gromadski and Rodnina, 2004b]; see also Supplemental
Information, Table S2, and Figure S1). Theory predicts that ribosomes of other
organisms will also reside in this optimal regime.2006) (Figure 3E). We find that the cognate/noncognate decod-
ing is nearly optimal for all of these codons. One exception is
UUU, which is the only codon besides UUC that encodes the
amino acid phenylalanine. In this case, the discrimination is
poor ðFz0Þ because the ribosome should not reject UUU, which
carries the correct amino acid.
DISCUSSION
Deformation Enhances the Decoding by the Ribosome
It has been suggested that the conformational changes of the
ribosome and the tRNA play a crucial role in determining decod-
ing accuracy (Demeshkina et al., 2012; Frank et al., 2005; Ogle
et al., 2002; Ogle and Ramakrishnan, 2005; Pape et al., 1999;
Schmeing and Ramakrishnan, 2009; Schmeing et al., 2009;
Schuette et al., 2009; Villa et al., 2009; Yarus et al., 2003). To
quantitatively examine the role of conformational changes, we
derive a criterion that indicates when deformation becomes
beneficial. We divide the barrier DC into free energy gained
from binding,DGB, (e.g., Watson-Crick pairing andminor groove
interaction) and free energy invested in deformation,
DGD;DC =DGD  DGB. In the optimal regime (Equation 3),
DGD =DGB  1
2
d ln p: (Equation 4)476 Cell 153, 471–479, April 11, 2013 ª2013 Elsevier Inc.This implies that, as long as the binding energy is larger than a
rather moderate value, DGBRd=2+ ln pz5kBT, optimal decod-
ing requires positive deformation energy; i.e., deformations
during decoding are beneficial. We therefore suggest that opti-
mality is obtained by tuning, via coevolution, the binding and
deformation energies within the physical regime dictated by
the constraints on the ribosome and the tRNA.
Investing deformation energy to enhance discrimination
appears as a general strategy of molecular recognition
systems. This strategy, termed conformational proofreading
(Savir and Tlusty, 2007, 2008, 2009, 2010), provides a concrete
underlying mechanism, which explains how these deformations
are utilized to achieve optimal decoding landscape. Confor-
mational proofreading was demonstrated in the specific case
of homologous search (Savir and Tlusty, 2010; De Vlaminck
et al., 2012) for a specific linear form of fitness function
(weighted difference). Here, we proved the existence of an
optimal energy landscape for any biologically reasonable
fitness, one that increases with RC and decreases with RW.
We showed that this general conclusion applies to the ribo-
some, as well as to the generic MM kinetics in the presence
of competition.
Theory Predicts Optimal Regime of Ribosomes in Other
Organisms
During protein synthesis, incorrect amino acids might be incor-
porated due to errors in tRNA aminoacylation or tRNA selection
by the ribosome. The in vivo misincorporation rate has been
estimated to be in the range of 6 3 104–5 3 103 errors per
amino acid (Bouadloun et al., 1983). The observation that
incorrect aminoacylation occurs at a rate of 104–105 sug-
gests that protein integrity largely depends on the ribosome
decoding performance (Zaher and Green, 2009). Protein
sequence is crucial for their fold and function, and translation
errors might therefore be deleterious to the cell. For example,
mutating the elongation factor TU (EF-TU) in bacteria doubled
the error rate and slowed down growth by 10%, whereas a
fourfold increase in error rate led to growth that was slower
by 30% (Ehrenberg and Kurland, 1984; Kurland, 1992). Another
example is ribosomal ambiguity mutants (ram) with altered
ribosomal proteins S4 and S5 such as rpsD (Figure 4). These
mutations have tripled the error rate and have decreased
growth rate by 35% (Mikkola and Kurland, 1988; Zaher and
Green, 2010). However, accuracy also comes at a cost, and
too much accuracy might hinder growth rate. Hyperaccurate
streptomycin resistance (SmR) mutants often have altered
ribosomal protein S12, such as rpsL (Figure 4), and may exhibit
a 7-fold decrease in error rate (Zaher and Green, 2010). The
decrease in error rate is correlated with growth rate decrease
of up to 40% and longer elongation rates (Ehrenberg and
Kurland, 1984; Kurland, 1992; Mikkola and Kurland, 1988).
These observations suggest that, in order to optimize growth,
cells must balance between the speed of translation and the
error rate. In some scenarios, translational infidelity, caused
by prions that promote stop codon readthrough in yeast, for
example, may provide sequence plasticity that might be bene-
ficial as the organism adapts to a new environment (Shorter
and Lindquist, 2005).
Our theory predicts a resolution for the rate-specificity tradeoff
of the decoding reaction. Given that the energy difference d
between cognate and noncognate pathways should be as large
as physically possible (Figure 4), we showed that the difference
between the GTP activation and codon recognition barriers,
DC, should be optimally about d/2 (ranging between d and 0).
This result defines a triangular region in the space of possible
energy landscapes that is optimal for decoding. Several
recent kinetic studies (Lee et al., 2007; Zaher and Green, 2010)
indicate that the prokaryotic ribosome is indeed within this
optimality region (Figure 4) (Supplemental Information, Tables
S2, S3, and S4).
Our model suggests that the strong evolutionary pressure to
improve ribosome decoding drove the energy landscape toward
its current optimal shape. As a consequence, our analysis pre-
dicts that mutations in the ribosome will not significantly improve
the wild-type decoding fitness. Even mutations that would
provide higher decoding rate RC or lower error fraction RW/RC
(Ogle and Ramakrishnan, 2005) are expected to reduce the
fitness or leave it practically unchanged. Kinetic studies of the
‘‘hyperaccurate’’ mutation rpsD and rpsL mutations reveal that,
indeed, their decoding performance is, at best, similar to that
of the wild-type (Figure 4). This holds also for ribosomes subject
to antibiotic that exhibit a poor decoding relative to the wild-
type (Gromadski and Rodnina, 2004b) (Figure 4 and Figure S1
available online; Experimental Procedures).
The simple effective energy landscape that we used in this
work, with its distinct metastable states, was directly deduced
from the experimental kinetic data. Single-molecule FRET
studies, combined with computer simulations, suggest that
this effective landscape is an approximation for a much more
intricate energy landscape (Whitford et al., 2011b). In principle,
similar optimality analysis could be applied also to amultiparam-
eter fitness function on such an intricate landscape.
Enzymatic Reactions in the Presence of Competing
Substrates
The analysis presented in this work can be generalized to more
complicated decoding pathways with additional steps and
branches and to other recognition systems. Moreover, it can
be applied to the analysis of natural molecular recognition
systems as well as to the design of artificial ones. For example,
numerous enzymatic reactions, which can be described by
MM kinetics, are often prone to substrate competition or
inhibition (Fersht, 1985). If the kinetic rates of the competing
reactions are known, our analysis gives a straightforward,
testable prediction regarding the rates that yield optimal de-
coding (SI). In particular, we expect that the specificity will
not saturate the maximal possible value to avoid a diminishing
turnover rate. In the case when all competitor substrates
associate at roughly the same rate kon (as in the ribosome),
the predicted specificity is about a square root of the maximal
one, SzS1=2max(Figure 2D). Similar analysis can be applied to
other cases. Another example is the rational design of drugs
in which our analysis suggests a design principle to balance
the tradeoff between maximizing the effect of a drug on its
target while minimizing the side effect of interacting with
competing targets.EXPERIMENTAL PROCEDURES
tRNA Decoding Rates
The decoding rate is given by the rate of GTP hydrolysis, per ribosome per
tRNA, at steady state:
R=
k1k2k3
k2k3 + k1ðk3 + k2Þ; (Equation 5)
where the kinetic parameters are according to the scheme in Figure 1. The
rate per ribosome is R$[t], where [t] is the unbound tRNA concentration.
Because the rate constants are the exponents of the corresponding free
energy barriers, kfeOG, we rewrite R as
R=
1
1
k1
+
1
k1
$
k1
k2
+
1
k1
$
k1
k2
$
k2
k3
f
1
eb1 + eb1 $
eðb1s2Þ
eðb2s2Þ
+ eb1 $
eðb1s2Þ
eðb2s2Þ
$
eðb2s3Þ
eðb3s3Þ
=
1
eb1 + eb2 + eb3
=
1
eB + eb3
:
(Equation 6)
Maximizing the Fitness Function
We consider a general performance measure (‘‘fitness’’) F that is a function
of the correct and wrong decoding rates, ½RCðB;b3Þ;RWðB;b3; dÞ. The deriva-
tives with respect to the various parameters are (using Equations 1 and 2)
vF
vd
=  vF
vRW
$R2W$e
b3 + d (Equation 7.1)
vF
vB
=  vF
vRC
$R2Ce
B  vF
vRW
$R2We
B (Equation 7.2)
vF
vb3
=  vF
vRC
$R2Ce
b3  vF
vRW
$R2W$e
b3 + d (Equation 7.3)
Biologically relevant measures F obey vF=vRC>0, vF=vRW<0 and therefore
vF=vd>0 (Equation 7.1). As a result, d is expected to increase toward its
biophysical limit. It is clear that the two derivatives, vF=vB and vF=vb3, in
Equations 7.2 and 7.3 cannot vanish simultaneously. If vF=vB (Equation 7.2)
vanishes, then there is an extremum point in the B direction. In this case,
vF=vb3 (Equation 7.3) is always positive (because d > 0), and b3 increases
along the extremum line. If vF=vb3 (Equation 7.3) vanishes, then there is an
extremum point in the b3 direction. In this case, vF=vB (Equation 7.2) is always
negative, and B decreases along the extremum line.
In the case of decoding, FfRC  d$RW , the second derivative with respect
to B is always positive, and thus the extremum point in the B direction is a
minimum. Thus, F gets its maximal value at the upper boundary of d and the
lower boundary of B.
Solving vF=vb3 = 0 (Equation 7.3) yields the implicit condition

RC
RW
2
=  edvF=vRW
vF=vRC
: (Equation 8)
Taking the logarithm of condition (Equation 8), we find that the barrier that
maximizes F is given by solving
ln

RC
RW

=
1
2
d+
1
2
ln
vF=vRWvF=vRC
: (Equation 9)
Because 0% lnðRC=RWÞ%d, the extremum always exist as long as
ed%jðvF=vRWÞ=ðvF=vRCÞj%ed.
The point lnðRC=RWÞ= d=2 is exactly at the symmetric optimality
condition, in the middle between the steepest points of the sigmoidal
curves RC and RW (Figure 3A). Moreover, Equation 9 implies that the
maximal point will remain in this symmetric region as long as
ð4ed=ð1+ edÞ2Þ%jðvF=vRWÞ=ðvF=vRCÞj%ðð1+ edÞ2=4edÞ. In other words, asCell 153, 471–479, April 11, 2013 ª2013 Elsevier Inc. 477
long as the both RC and RW are relevant to the fitness F—i.e., the respec-
tive derivatives vF=vRC and vF=vRW are not different by too many orders of
magnitude—the maximal point is always in the symmetric region in between
the steepest points of RC and RW (Figure 2). This result does not depend on
the specific form of F. In the case of the ribosome, edz2$105, which defines
a wide region of more than ten orders of magnitude.
Maximum of the Decoding Function
In the case of decoding, FfRC  d$RW , the condition above (Equation 8)
amounts to solving ðeb3 + d + eBÞ2=ðeb3 + eBÞ2 =edd. The barrier b3 that provides
maximal decoding is given by:
b3 = 
1
2
d+B+ ln

d1=2ed=2  1
ed=2  d1=2

(Equation 10)
The optimum exists as long as long as ed<d<ed. For the ribosome, this regime
is very wide, 5$106ze12<d<e+ 12z2$105. In this regime, Equation 10 is
approximately linear in ln d, b3z ð1=2Þ d+B+ ð1=2Þ ln d.
Optimal Decoding—The Max-Min Solution
The minimal value of F is given by (Extended ExperimentalProcedures),
minðFÞ=
8><
>:
eBRC =
eB
eB + eb3
b3R d
2
+B
1 eBRW = 1 e
B
eB + eb3 + d
b3% d
2
+B
(Equation 11)
Maximizing the values of min(F) in (Equation 11) yields b3 =  d=2+B. Using
the relation B b2 = lnðk2 + k1=k1Þ=  ln p, we find that DC =  d=2 ln p
(Equation 3). Note that this value also maximizes the net rate Rc – RW.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, one
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